Several studies have verified the existence of multiple chromosomal abnormalities in colon cancer. However, the relationships between DNA copy number and gene expression have not been adequately explored nor globally monitored during the progression of the disease. In this work, three types of array-generated data (expression, single nucleotide polymorphism, and comparative genomic hybridization) were collected from a large set of colon cancer patients at various stages of the disease. Probes were annotated to specific chromosomal locations and coordinated alterations in DNA copy number and transcription levels were revealed at specific positions. We show that across many large regions of the genome, changes in expression level are correlated with alterations in DNA content. Often, large chromosomal segments, containing multiple genes, are transcriptionally affected in a coordinated way, and we show that the underlying mechanism is a corresponding change in DNA content. This implies that whereas specific chromosomal abnormalities may arise stochastically, the associated changes in expression of some or all of the affected genes are responsible for selecting cells bearing these abnormalities for clonal expansion. Indeed, particular chromosomal regions are frequently gained and overexpressed (e.g., 7p, 8q, 13q, and 20q) or lost and underexpressed (e.g., 1p, 4, 5q, 8p, 14q, 15q, and 18) in primary colon tumors, making it likely that these changes favor tumorigenicity. Furthermore, we show that these aberrations are absent in normal colon mucosa, appear in benign adenomas (albeit only in a small fraction of the samples), become more frequent as disease advances, and are found in the majority of metastatic samples. (Cancer Res 2006; 66(4): 2129-37) 
Introduction
The initiation and progression of human solid tumors is associated with accumulation of alterations in the function of key regulatory genes. Many different factors, including changes in genome copy number and structure, can disrupt proper gene functioning. There is wide agreement that particular recurrent genomic aberrations may encompass genes that are important for tumor development (1, 2) . This is particularly clear in cases involving gene dosage changes; tumor suppressor genes may be inactivated by a physical deletion and oncogenes may be enhanced by amplification (e.g., the oncogene MYC; ref. 3) . However, the functional consequence of recurrent abnormalities is not always apparent, because a change in DNA copy number does not necessarily induce actual alterations in expression (4) . The issue is further complicated by the observation that many aberrations span large chromosomal regions that contain multiple genes (1), including many that are not directly related to cancer.
The origins of chromosomal abnormalities and aneuploidy in cancer are the subject of debate (5) . Opinions range from viewing aneuploidy as a central cause of tumor initiation (6) (7) (8) to regarding it as just a consequence of the derangements in the cell division cycle (9, 10) . Large-scale technologies, such as comparative genomic hybridization (CGH), have been used to observe the role of genomic imbalances in solid tumors. In colorectal cancer, genomic aberrations are already present in high-grade dysplasias and adenomas but are significantly more abundant in carcinomas (8) . In one study (4) , in which CGH was used to determine frequent amplifications in metastatic colorectal cancer, the effects on expression levels were monitored by DNA microarrays. A fold change analysis of the expression data seemed to indicate that only a small minority of amplified genes were also overexpressed, suggesting that increased expression within amplicons in colorectal cancer is rare.
Similar work done on other solid tumors reveals a different picture. A recent study of the relationships between loss and gain of chromosomal material and global expression in head and neck squamous cell carcinoma (11) concluded that large chromosomal regions are transcriptionally affected, although many genes seemed to be unrelated to malignant progression. In work done on 14 breast cancer cell lines, >40% of highly amplified genes were also overexpressed (12) , whereas in a similar study of primary breast tumors, 62% of highly amplified genes show moderately or highly elevated expression (13) . Such studies suggest that alterations in DNA content can directly influence global expression patterns, and that some genomic aberrations may be selected because they alter the expression of multiple genes that coordinately promote tumor progression (1) .
Because apparently in colorectal cancer the relationship between changes in DNA content and gene expression is not yet clear our study was designed to address three goals: first, to define how chromosomal abnormalities (changes in DNA content) are reflected in changes of expression of the genes in the affected region. A closely related issue concerns the expression levels of single genes: how frequently are the expression and copy number of a gene discordant? Our second goal: to compile a comprehensive list of chromosomal regions that exhibit abnormalities in adenomatous polyps, carcinoma, and metastases.
This leads to our third goal: to describe whether chromosomal abnormalities and associated changes in expression form a coherent pattern that evolves with the clinical stage of the patient.
Therefore, we have systematically explored both gene expression and chromosomal content data related to samples collected from colorectal cancer patients at various stages. We probed the epithelial component of normal colon mucosa, adenomatous polyps, colon adenocarcinoma from patients with various clinical stages of disease, and metastases, using three approaches: the Affymetrix GeneChip Human Genome U133A Array (expression), the Affymetrix GeneChip Mapping Array (single nucleotide polymorphism, SNP), and a 3000 BACs spotted array (CGH). We thus produced stage-stratified chromosomal maps that present changes at the DNA level and at the transcription level as a function of chromosomal location. When viewed at the level of the chromosome arm, we find strong and significant correlations between perturbations in gene expression and DNA content. However, this relationship is complex; particular genes that lie in amplified regions may nevertheless exhibit reduced expression. We introduce mutual correlation, a novel measure of cooperativity, and use it together with the traditionally used fold change analysis to identify coherently amplified chromosomal regions and to study the manner in which chromosomal abnormalities change with the pathologic progression and clinical stage of disease.
Materials and Methods
Expression data analysis. Expression profiles were determined for five types of samples dissected under a microscope, using the Affymetrix U133A GeneChip (14): 24 normal colon epithelium, 30 adenomas, 114 carcinomas, 10 liver metastases, and 9 lung metastases. The location of each probe set was retrieved from Affymetrix (exact locations were available for 18,067 of 22,283 probes on the U133A chip). The data were preprocessed using MAS 5.0, and standard thresholding and filtering operations were used (15) ; the data were log-transformed, and each gene's expression levels were centered and normalized to yield a matrix whose elements e gi represent the expression level of gene g in sample i.
The metastasis samples were subjected to electronic microdissection, a preanalysis step described in detail in ref. 16 , using a newly developed algorithm, sorting point into neighborhoods (SPIN), to identify the purest metastasis samples (10 in liver and 9 in lung), least contaminated by surrounding normal tissue. In ref. 16 we also established that our polyps and low-grade adenoma samples are not contaminated by surrounding tissue, whereas the adenocarcinoma samples contain higher and varying levels of contamination.
The fold change ratio f c was calculated for each gene by dividing its median expression in the relevant group of samples (polyps, primary tumors, liver metastasis, or lung metastasis) by its median expression over the normal colon samples.
To evaluate the cooperativity in expression of physically adjacent genes, we introduced mutual correlation, calculated for a group G of genes g = 1, 2, . . ., n over a set of samples i = 1, 2, . . ., N as follows: denote the median expression of the genes of G for each sample is ē i = median(e gi ). The mutual correlation C g (G) of gene g with the group G by the Pearson correlation of the two sets of expression levels, (e g1 , e g2 , . . ., e gN ) and (ē 1 , ē 2 , . . ., ē N ). Each of the genes annotated to a particular chromosomal location was indexed accordingly; chromosomal interval [i,j] includes the genes of indices i, i + 1, i + 2, . . ., j. For each gene in a particular interval [i,j], we calculated C g ([i,j]). The score for the interval is defined as the median of the mutual correlations of all the genes in the interval,
DNA fold change analysis. A preliminary analysis of the expression data that was collected for our samples allowed us to select the best candidates for CGH or SNP arrays. We focused on a particular chromosomal region (specifically 20q) known to be frequently gained in colorectal cancer. We sampled both tumors that exhibited a clear coordinated increased expression, as well as tumors whose expression in the region was comparable with that of normal samples. Another requirement was a high percentage of tumor cells in the sample, as judged by the pathologic annotation provided with the sample.
Array CGH data was acquired from two different sources: (a) We did array CGH on 12 of our samples (10 primary tumors and 2 liver metastasis samples); 3,100 probes (PCR products) derived from BAC clones obtained from the Welcome Sanger Trust Institute were spotted in duplicates in 48 subgrids. This array provides f1 Mb resolution (17, 18) . The control DNA used was human placenta. Probes were labeled by Cy3 and Cy5, so that data values are log 2 (Cy3/Cy5).
(b) Array CGH data of 1Mb resolution for 37 primary colon tumors was taken from Douglas et al. (17) .
The Affymetrix GeneChip Human Mapping 50K array Xba 240 array (''SNP array'') was used on seven of our primary colon tumors ( five of these samples were also measured by CGH, as described). The protocol is detailed on ''GeneChip Mapping 100K Assay Manual''. 7 Following digestion of 0.25 Ag of genomic DNA with XbaI, ligation of adapter DNA to the fragments, and PCR amplification, such that the products are in the range of 250 to 2,000 bp, the purified products are fragmented, labeled, and hybridized to the array, which is next scanned to generate the image (DAT) and cell intensity (CEL) files. The CEL file is imported to GeneChip DNA Analysis Software 3.0 (GDAS 3.0, Affymetrix) to generate the SNP calls. The Chromosomal Copy Number Analysis Tool version 2.0 (Affymetrix), then uses the probe intensity data, as well as the SNP calls to generate genomic-smoothed copy number estimate (using the default 0.5 Mb smoothing), log Ps for the copy number estimate, and loss of heterozygosity calls for each SNP (19) . Fold change values per SNP position were calculated by dividing the gene copy values by the median copy number of the entire chip (the median was very close to 2 for all of our samples).
Correlating DNA fold change with expression. To correlate fold change values from expression with either CGH or SNP:
(a) Each of the three data sets was ordered according to the chromosomal locations of the measured probes, permitting display of a linear alignment plot of sets of data.
(b) Each alignment plot was smoothed using a moving average that highlights regions with a unidirectional change in either expression or DNA dosage of many adjacent probes (20) . This straightforward approach reduces variance and extracts trends and patterns from ordered data series. Averaging was done in windows of the following size: 150 probe sets for the expression data, 100 for the SNP data, and 40 for CGH, while taking into account the actual physical distances between adjacent probes (see Supplementary Material for details, including the interpolation procedure used).
Results
Significant correlation is observed between ''large-scale'' expression and DNA copy number. The following analysis allows identification of chromosomal regions where expression and (or) DNA dosage were altered in a consistent fashion. For each probe location, two types of fold change values were calculated per tumor sample (one for DNA content and the second for RNA expression intensity) relative to normal tissue. A probe with fold change f c > 1 has a higher ( f c < 1 indicates lower) measurement in the malignant sample relative to normal tissue. The log 2 fold change is displayed as a function of chromosomal location in Fig. 1 . The three techniques (expression, CGH, and SNP) produce three data series, which are presented after smoothing (to dampen noise and enhance trends and patterns) and interpolation (to allow calculation of a correlation coefficient).
There was a strong genome-wide correlation between gene expression and DNA content, for both CGH-derived and SNPderived data. For the nine primary tumor samples and two liver metastases studied with CGH, the mean correlation was 0.67 F 0.1 (SD). For the six primary tumor samples characterized by SNP, the mean correlation between DNA content and expression was 0.58 F 0.09. Five of the primary tumor samples were measured on all three platforms. Results from four of these samples are presented in Fig. 1 : these are microsatellite-stable (MSS) carcinomas with (A) 80%, (B) 90%, (C) 80%, and (D) 85% tumor cells. The fifth sample did not show significant correlation between expression and copy number. Interestingly, that particular sample is the only microsatellite instable (MSI + ) tumor for which we recorded DNA copy number. The strong correlation between expression and copy number means that when viewed on a chromosomal scale, gain or loss of chromosomal regions is usually accompanied by a corresponding change in transcription of genes. Overall, 63% of the significantly overexpressed genes also display DNA content gains, and 62% of the down-regulated genes show a noticeable loss of DNA content (see Supplementary Material for definitions). In particular, several large chromosomal regions, such as those located in 8q and 20q, repeatedly display increased signal at both the DNA and expression levels, whereas other regions, such as chromosome 4, 8p, and 18, exhibit a coordinated reduction in signal. Several array CGH studies have verified gain and loss of these regions (4, (21) (22) (23) , supporting the hypothesis that the observed chromosomal-scale changes in expression are linked with underlying alterations in copy number.
The correlation between expression and DNA copy number data is not perfect; in particular, as seen in Fig. 1 , chromosomal arms 1q, 2q, 6q, 9q, and 19p show a measure of discrepancy between expression and CGH/SNP in several of the samples shown. To reduce noise and improve visibility, the plots were smoothed in a running average of size 150 for the expression data, 100 for the SNP data, and 40 for CGH, while taking into account the actual physical distances between adjacent genes (the same smoothing technique is also used in Figs. 2-4) . Vertical lines, transition between chromosomes; dotted vertical lines, transition from arm p to q.
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When focusing on individual genes, the situation is even more complex. As can be seen in Supplementary Fig. S1 , even within regions with large gains of DNA content, expression of some genes is down-regulated in tumor. Furthermore, as will be discussed below, even within a chromosomal arm that is amplified in its entirety, one may find contiguous regions whose genes are expressed at levels similar to normal tissue.
Characterization of a population of tumors: specific genomic regions are implicated. Next, we proceeded to identify the most prevalent sites of alterations in both genome and transcriptome in the context of colorectal cancer progression. We used expression from our large set of 114 primary colon carcinomas and 24 normal colon mucosa samples, and CGH data from 37 primary tumors, collected by Douglas et al. (17) . As in the previous section, alterations in both DNA and transcription are presented together in the same graph (see Fig. 2 ). Here, the fold change values are produced by averaging over large groups of tumors (rather than viewing one patient at a time, as in Fig. 1 ).
The average expression fold change displayed in Fig. 2 is calculated by dividing the median expression per probe obtained from 114 carcinomas with that probe's median expression in the 24 normal colon mucosa samples. Hence, only genes that are overexpressed in the majority of the tumor population will receive a significantly high fold change (and likewise for underexpressed genes). A similar argument is true for the average DNA fold change values, so that Fig. 2 indicates that large regions in chromosomes 7, 8q, 13, and 20 are gained and overexpressed in a majority of colon tumors, whereas parts of 1p, 4, 5q, 8p, 14q, 15q, 17p, and 18 are lost and hence become underexpressed. Note the good qualitative agreement between expression and CGH data and the high correlation of 0.63 obtained in spite of the fact that expression and CGH were measured over different sets of samples.
Abnormal expression patterns become more pronounced with more advanced stage. To learn whether there is a relationship between the clinical or pathologic stages of colorectal cancer and gene expression, we present in Fig. 3 a fold change chromosomal map for each of the disease stages. The combined image allows clear identification of chromosomal regions where many genes are progressively perturbed together. The expression patterns of tumors at stages II, III, and IV are very highly correlated with one another (0.95-0.96). Referring to this group as ''advanced stage, '' we observe in Fig. 3 that the expression patterns evolve and Figure 2 . Fold change in CGH and expression averaged over two populations of primary tumors. Expression fold change was calculated per probe by taking the median over 114 primary tumor samples and dividing it by the median of 24 normal colon mucosa samples (blue ). CGH fold change data for 37 primary tumors (red) was taken from Douglas et al. (17) . A blue star at the top (bottom ) of the axes marks a location with significant overexpression (underexpression). Correspondingly, a red star has a similar meaning in terms of DNA copy number. Figure 3 . Large-scale expression biases during disease progression. For each annotated gene, the log 2 of the median fold change ratio, log 2 (f c ), is presented in (A ) normal colon tissue (this is a control value generated by randomly dividing the normal samples into two arbitrary groups), (B ) adenoma, (C-F) primary tumors of stages I to IV, (G) liver metastasis, and (H ) lung metastasis versus normal colon tissue. Red and black points, increased expression: black, top 5% fold-change values (5% of all fold-change values shown in A-H ). Blue and green points, reduced expression; green, lowest 5% values (again of all values). Note that in the normal control, the values are very close to 0, while in the progressive stages of the disease there is a marked deviation from 0 in several specific regions.
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Cancer Res 2006; 66: (4). become closer to the metastases with progression from adenoma to stage I tumors and to advanced tumors. Note that the correlation to liver metastases varies as follows: 0.32 (normal colon), 0.74 (adenoma), 0.82 (carcinoma stage I), and 0.9 (advanced stage). Figure 3 shows that chromosome 4 displays broad underexpression even in adenomas, more so in carcinoma and most profoundly in metastases. A similar link with disease stage is seen for overexpressed regions, such as chromosomes 7p, 13q, and 20, where the increase in transcript level is already noticeable in adenoma but becomes more pronounced at later stages of the disease. Furthermore, it was established (see Fig. 2 ) that altered expression in those regions is associated with gain in genomic material.
A different and complementary approach for evaluating the relationships between genes that are located within a given chromosomal region is by calculating their mutual correlation. Mutual correlation was defined in Materials and Methods: here, for each gene g, we calculate the C g [i,j] for a window [g À 10, g + 10] of 21 genes centered on g (we have tested a range of window sizes and determined that the results are not dependent on the particular choice of window size). C g [g À 10, g + 10] is measured separately for each clinical group (e.g., liver metastasis). A high C g indicates that the fold change profile of gene g exhibits high similarity to that of its 20 closest neighbors on the chromosome. A region in which most genes display relatively high C g is inclined to be overexpressed (or underexpressed) collectively in the same samples (see Fig. 4 ). This implies deletion or gain of a contiguous region of genes.
Detailed exploration of chromosome 20. A large chromosomal region that undergoes a change in DNA copy number may contain many different genes. An important question in this context is whether the transcriptional effect on all genes annotated to that region is the same. Here, we concentrate on chromosome 20, which has been repeatedly shown to be subject to amplification in colorectal cancer (ref. 17 ; in Supplementary Figs. S3 and S4, we present a similar analysis of chromosomes 7 and 8).
Both CGH and SNP arrays documented the expected large-scale gain of chromosome 20 (see Figs. 1 and 2) . Furthermore, we have established a gradual increase of transcriptional changes in both fold change (Fig. 3 ) and mutual correlation (Fig. 4) for genes annotated to that chromosome. Figure 5 provides informative visualization of copy number changes on chromosome 20. Figure  5A displays the correlation matrix for the 75 probes annotated to chromosome 20 on the CGH array (correlations were measured for 37 primary carcinomas; ref. 17) . The probes are ordered according to their relative positions on the chromosome, so that the first 25 are located on 20p and the following 50 on 20q. Thus, it is possible to recognize groups of physically adjacent probes that share similar gain or loss profiles; they are visually manifested as red (standing for high similarity levels) squares around the matrix's main diagonal. Two major clusters are clearly apparent in the CGHbased correlation matrix of chromosome 20 (Fig. 5A) ; one includes all the probes annotated to 20p, and the second is composed of the 20q probes. The corresponding fold change matrix in Fig. 5B helps with the biological interpretation; here, the probes are ordered according to chromosomal location, as in Fig. 5A , whereas the samples are ordered by an unsupervised sorting algorithm (i.e., SPIN, which is described in detail in ref. 16 ). The ordering generated by SPIN achieves a clear visualization of the different chromosomal instability profiles that appear in the tested population. Over all, the 20p arm is positively gained in a small subset of the primary tumors, whereas the entire 20q arm is gained in a larger fraction of tumors. However, the two arms are not necessarily gained together in a given sample. In fact, some of the samples that show the strongest increase for 20q display a moderate loss of 20p. Interestingly, in most samples, each of the arms of chromosome 20 tends to behave as a single unit in the context of copy number changes.
A more complex picture is revealed when the same type of analysis is done on our expression data. The expression-based correlation matrix (Fig. 5C ) also has a clear distinction between 20p and 20q probes. However, whereas the CGH analysis showed a clear tendency of the entire 20q arm to be gained together as a single unit, only some of the 201 genes that are annotated to that region are overexpressed simultaneously. In particular, there are two main subregions (marked 1 and 2 in Fig. 5C ), where adjacent genes share highly similar expression profiles. The expression matrix (Fig. 5D ) reveals that in those two subregions, which contain tens of transcripts, gain of contiguous chromosomal material in the transformed tissue is accompanied by overexpression of most genes contained within those segments. However, even within such contiguous overexpressed regions, there are individual genes that are not overexpressed. This could be attributed to alternate mechanisms of transcriptional control or to differences in gene copy number that are below the limit of resolution of the CGH approach.
The first subregion spans 20q11.2-12, an area that has been previously implicated with DNA amplification in germ cell tumors Gene Expression and Chromosomal Instability www.aacrjournals.org (24) and breast cancer (25) . Candidate genes annotated to this region include BCL2L1, a known regulator of programmed cell death, whose overexpression has been reported in >60% of human colorectal cancer (26) . S-adenosylhomocysteine hydrolase (AHCY) has been previously observed to be up-regulated in colorectal cancer (27) . TGIF2 is known to be amplified and overexpressed in ovarian cancer (28) . The second subregion covers 20q13, with a higher-resolution scan implicating 20q13.33 as the best-scoring area on chromosome 20 in terms of mutual correlations (see Materials and Methods). This region was observed by prior CGH experiments to be most frequently gained in colon tumors (17) . In that region, LIVIN (BIRC7), an inhibitor of apoptosis, has been associated with the progression of bladder cancer and detected at high levels in a colorectal cancer cell line (17) . An independent (17) . Blue, small correlations; red, high correlations. A group of adjacent genes that shares a highly similar copy number profile is visually manifested here as a red square on the main diagonal of the correlation matrix. B, the correspondingly ordered DNA fold change matrix. Each row is a probe (in the same order as in A ), and each column is a sample. Colors stand for relative fold-change. The samples were ordered using SPIN, an unsupervised sorting algorithm (16) . The MSI status is given in the colored bar below the matrix: red, MSI + ; blue, chromosomal instability. C-D, corresponding figures for expression data. C, correlation matrix for the 302 genes annotated to chromosome 20 on the U133 Affychip, calculated in the sample space spanned by 187 samples (24 normals, 30 adenomas, 114 adenocarcinomas, 10 liver metastases, and 9 lung metastases). Note that there are two main subregions that score highly for similarity and are highlighted by black boxes numbered 1 and 2. Furthermore, one can also observe the inter-regional similarity in the off-diagonal region of the correlation matrix (black box marked 1 versus 2 ). D, the corresponding expression matrix. Colors stand for centered and normalized expression values: blue (red ), relatively low (high) expression. Each row is the expression profile of a single gene. The ordering of genes is identical to the one in (C ). Each column depicts a single sample. The samples are ordered according to tissue identity, indicated for each sample by the colored bar below the matrix: blue, normal; green, adenomas; yellow, carcinomas; orange, liver metastases; red, lung metastases. The tumor samples were divided into four clinical stages and ordered accordingly. Some samples exhibit high expression across most of the chromosomal arm, visually manifested as reddish vertical stripes and interpreted as indicative of chromosomal amplification. Note that no such normal samples are observed, very few among the adenomas, much more among the stage II to IV carcinoma, and metastasis samples are predominantly amplified.
Cancer Res 2006; 66: (4). validation of our results is shown in Supplementary Fig. S2 , where results from fluorescence in situ hybridization (FISH) are presented for the 20q13.2 region for six adenocarcinoma, showing amplification of up to 10 to 20 copies in some samples.
An interesting question we address briefly concerns the onset of the abnormalities in different chromosomes: do amplifications of different chromosomal regions occur independently of each other, or are they synchronized? Our data suggest that once cells become susceptible to chromosomal instability, they experience several instances of amplification or loss. Because 20q is so clearly and frequently amplified, it is reasonable to examine whether other specific chromosomal regions are amplified or lost concurrently with 20q. Figure 6 presents the median correlation of (the genes on) each chromosomal arm with the average expression profile of 20q. There is a clear and gradual increase in correlation with disease development, evident from the fact that the median correlation values increase as we move to polyps, to tumors, and to metastases. This observation suggests that in tumors that contain a positive change in copy number for 20q, there is also a high likelihood for a positive change in the 8q arm. On the other hand, the negative correlation with 18p, for example, suggests that a gain of 20q tends to be coupled to loss of 18p. Over all, there is a positive correlation of 20q overexpression with potential amplifications in 7p, 8q, 13q, 16p, 19p, and 20p and negative correlation with losses in 18, 4, and 15q.
In Fig. 5D , we present the expression matrix of the 302 genes, ordered according to location on chromosome 20 (101 on 20p and 201 on 20q), measured in our samples, ordered according to their clinical labels, including a breakdown of the 114 carcinoma according to clinical stage. This provides a striking manifestation of the increased chromosomal abnormality with disease progression; samples that exhibit overall high expression levels appear as vertical yellow-red stripes. None of the normal colon samples exhibit such coordinated overexpression of the 20q genes; a few of the polyps do, and the percentage of these amplified samples increases with progression; consistently amplified samples constitute a small minority of the polyps but are the majority of the stage II to IV carcinoma and even more so in the metastasis samples.
Similar variation in chromosomal abnormalities with disease stage was observed in other chromosomes as well.
The full richness, heterogeneity, and complexity of transformed malignant tissues versus their normal counterparts is seen very clearly in Supplementary Fig. S5 , which presents the expression matrix of the 201 genes of 20q over the samples, with normal liver and normal lung also added. One striking observation is the homogeneity of normal tissue, which is visually manifested in horizontal stripes across each of the three types of normal tissue (also seen in normal colon on Fig. 5D ). The meaning of these horizontal streaks is that genes that are high (low) in one normal sample tend to be high (low) in all normal samples from the same tissue. On the other hand, the tumors and metastasis samples are very heterogeneous, as exhibited by the vertical, rather than horizontal, stripes discussed above.
Discussion
Our findings suggest that disease progression is associated with coordinated changes in the expression of substantial groups of contiguous genes. These changes in gene expression are associated with and presumably caused by changes in the copy number of contiguous genes along large segments of the chromosome. This explanation is directly supported by performing expression, CGH, and SNP arrays, as well as FISH measurements on the same tumor samples and finding a high degree of correlation between chromosome-scale expression and gene copy number profiles. Thus, >60% of overexpressed (or underexpressed) sites are shown to be associated with gains or loss in the genetic material. Consistent with our results, several studies in different types of solid tumors, breast (12, 13) , prostate (29) , and head and neck squamous cell carcinoma (17) , concluded that alterations in DNA copy number directly influence the expression levels of multiple genes. In a budding yeast study (30) , aneuploidy has been linked with chromosome-wide gene expression biases.
The discordance with the results reported by Platzer et al. (4) most probably stems from a difference in the analysis methodology. Platzer et al. concentrated on individual genes and found Figure 6 . Chromosome scan for correlation to the 20q profile. We created the following five sample groups: (a) normals, (b) normals and polyps, (c ) normals and primary adenocarcinomas, (d) normals and lung metastasis, (e) normal and liver metastasis. Next, we calculated for each group i = 1, 2, . . ., 5, the average expression profile <E i (20q)> of the genes on 20q. For every chromosomal arm, we now calculate, for every gene on the arm, the correlation of its expression (over each of the five sample groups) with <E i (20q)>. The median of these correlations is denoted c i med (arm); these are presented in the figure for each chromosomal arm. A high value of c i med (arm) indicates that most of the genes on that arm are highly correlated with the 20q profile. Note that for 20q, we do not get c i med (20q) = 1 because the correlation of each gene with <E i (20q)> is <1; hence, the median of these correlations is also <1. that only 3.8% of the genes in the most frequently gained regions are overexpressed at >2-fold over normal colon. Using the same procedure on our samples resulted in similar percentages (only 6% of genes on the amplified chromosome 20 pass the 2-fold threshold). Taking a more global approach, we see that the vast majority (>80%) of genes on chromosome 20 were elevated to some degree (albeit <2-fold) in tumors that gained DNA copy number. Again, Platzer et al. report a similar percentage (almost 90%) of genes that are elevated to some degree.
On the scale of individual genes, the picture becomes more complex; we do find genes, the expression of which is not correlated (may even be negatively correlated) with copy number changes in the region where the gene resides. This is attributed to there being a multiplicity of mechanisms responsible for normal and abnormal control of gene expression, including those related to mutation, promoter methylation, and micro-RNA expression.
We show that it is possible to use gene expression microarray data to identify cytogenetically abnormal regions that are associated with malignant transformation (20, 31) . A practical implication is that expression array data can be used to supplement CGH or SNP profiling. Furthermore, combining these data sources allows for a more biologically relevant interpretation of the expression data by highlighting the dependence of gene expression on gene dosage. A more fundamental inference is that recurrent genomic aberrations in colorectal cancer have a significant influence on gene expression and hence may play an important role in the development of colorectal cancer. At the moment, the part that genomic instability plays in tumorigenesis remains unclear (5), with opinions ranging from genomic instability being a cause to being an effect of malignant transformation (6, 7, 9, 10) . Two observations suggest that some chromosomal changes have an important pathogenetic role. The first is that specific chromosomal regions are repeatedly observed to undergo gain or loss associated with a regional bias in transcription (in the current work, À1p, À4, À5q, +7, À8p, +8q, +13q, À14q, À15q, À18, and +20q). That these changes are recurrent and not stochastic in different tumors suggests that as a whole, they carry a selective advantage for the transformed cell even if not every embedded gene is relevant to transformation. A second observation is that these changes are progressive: we have shown that the expression of continuous segments of genes becomes progressively deranged with disease progression. Hence, we showed that in the 20q arm, for example, many contiguous genes are overexpressed, and that this regionally biased transcription does not occur in normal tissue, is observed in a small fraction of adenoma samples, and is much more prevalent in invasive carcinoma and metastases.
Changes at the chromosomal scale will bias expression over large regions and is likely to affect genes that are unrelated to malignant progression (11) . It is likely that bystander genes, located in close physical proximity to cancer pathway genes, are included within these segments but do not confer a selective advantage. This would be analogous to genetic polymorphisms, which once fixed in a population, persist in equilibrium, although they no longer confer a selective advantage. The number and type of samples analyzed by CGH or SNP in the present study is neither sufficiently large nor sufficiently heterogeneous with respect either type (MSI + versus MSI À ) or discordant gene expression and copy number changes to permit one to distinguish expression changes that are essential to the neoplastic process from those that are merely bystanders. However, by analyzing and comparing many more samples by both expression and copy number, it may become possible to focus on genes or chromosomal segments that are repeatedly subject to correlated changes in copy number and expression. Extending this analysis into a larger number of MSI + samples may provide more information regarding expression changes in the absence of high-level chromosomal instability and may point to genes for which, for example, overexpression is not biologically relevant. In summary, we have shown that in colorectal cancer the mRNA expression of large groups of contiguous genes varies in a coordinated way. These expression changes reflect gain or loss of the associated genes. Furthermore, these changes are progressive and reflect the clinical and pathologic stage of disease. Perturbations in gene copy number are common in colorectal cancer, affect gene expression, and presumably the biology of the malignant cells that comprise the tumor.
